In this paper we review our recent progress in a still young type of active waveguides based on hybrid organic (polymer)-inorganic (semiconductor quantum dots) materials. They can be useful for the implementation of new photonic devices, because combining the properties of the semiconductor nanostructures (quantum size carrier confinement and temperature independent emission) with the technological capabilities of polymers. These optical waveguides can be easily fabricated by spin-coating and UV photolithography on many substrates (SiO 2 /Si, in the present work). We demonstrate that it is possible to control the active wavelength in a broad range (400-1100 nm), just by changing the base quantum dot material (CdS, CdSe, CdTe and PbS, but other are possible), without the necessity of changing fabrication conditions. Particularly, we have determined the optimum conditions to produce multi-color photoluminescence waveguiding by embedding CdS, CdSe and CdTe quantum dots into Poly(methyl methacrylate). Finally, we show new results regarding the incorporation of CdSe nanocrystals into a SU-8 resist, in order to extrapolate the study to a photolithographic and technologically more important polymer. In this case ridge waveguides are able to confine in 2D the light emitted by the quantum dots.
Introduction
Research is evolving toward the design of novel functional materials to perform more complex and efficient tasks. One of the most promising approaches is the incorporation of nanoparticles into a host matrix to form a nanocomposite [1] . These synthetic multicomponent materials have an important concern nowadays because they combine the novel properties of semiconducting, metallic and magnetic nanoparticles (e.g., quantum confinement, surface plasmon resonance, superparamagnetism, resp.) with those provided by the matrix. For this purpose the choice of polymers as a host matrix is an attractive approach because they are cheap, flexible, and can be easily processed into films on a great variety of substrates. Moreover, some polymers can be microand nanopatterned by different lithographic techniques such as nanoimprint, electron beam, and ultraviolet lithography [2] . This is of significant importance for the fabrication of photonic nanostructures and more complex devices.
The incorporation of optically active materials such as organic dyes [3] , rare earth ions [4] , semiconducting [5] , and metal nanoparticles [6] into polymers has found multitude of applications in optical amplification [7] , photovoltaics [8] , photodetection [9] , sensing [10] , and plasmonics [11] . Among these wide range of applications, polymers are especially suitable materials for waveguiding in integrated optic devices, because of its high transparency above 400 nm, low propagation losses, and easy fabrication [12] . In this sense, polymer-based nanocomposites can be good candidates for active waveguiding applications by embedding semiconducting nanocrystals synthesized by colloidal chemistry [13] . These nanocrystals are usually known as quantum dots (QDs), due to the three-dimensional size confinement of carriers. As a result, the effective bandgap of QDs and hence their photoluminescence (PL) can be tuned by either modifying their radius [14] or the composition: CdS [15] , CdSe [16] , and CdTe [17] in the visible spectra and PbS [18] , PbSe [19] , and InAs [20] in the near infrared. QDs has been incorporated in sol-gel oxide waveguides to develop optical amplification [21] , but also in PMMA to implement a microcavity laser [22] or to amplify the spontaneous emission [23] . In a recent paper, we have demonstrated multicolor waveguiding by dispersing CdSe (λ PL = 600 nm) and CdTe (λ PL = 550 nm) QDs into a PMMA-based planar waveguide [24] . We tested different nanocomposite formulation to obtain the optimum concentration of QDs in the film for waveguiding.
In this paper, we review our recent progress in the development of QDs-PMMA nanocomposite waveguides. New active planar waveguides covering a broad range of the light spectrum from 400 to 1100 nm, are implemented by embedding different types of QDs (CdS, CdTe, CdSe, and/or PbS) into PMMA matrix. These nanocomposites constitute the core of a planar waveguide when they are deposited on a material with lower refractive index, in our case a SiO 2 thin film over a Si substrate. It is interesting to say that the optimum conditions for low propagation losses can be extrapolated from one QD material to another without changing the concentrations or the functionalization of the QD. Then, a new method for developing active multicolor waveguiding in integrated photonic devices is proposed. Finally, new results of the dispersion of CdSe QDs in a SU-8 photoresist are presented. The choice of this resist comes from its interesting photolithographic properties and high refractive index. However, for the dispersion of QDs in SU8, it is necessary the modification of their solubility, which was achieved by means of a ligand exchange procedure. After it, straight ridges can be defined by means of UVphotolithography on the SiO 2 /Si substrate coated with the QD-SU8 nanocomposite. We show that these structures are able to guide CdSe PL in two dimensions, revealing the potentiality and promising applications of these new materials in integrated optic devices.
Samples Preparation and Experimental Setup
The core of the waveguides used in this work consisted of different sorts of QDs (CdS, CdSe, CdTe, and PbS) embedded in a PMMA matrix. The QDs have different compositions and size, so they will lead to optical transitions at different wavelengths. They were synthesized following the procedure developed by Peng's group [25] using oleic acid as a capping agent, and then mixed with PMMA. For this purpose both the polymer and the QD were dissolved in toluene as a common solvent, in order to obtain a homogeneous dispersion of QDs in the resulting film. The concentration of QDs into the matrix has been adjusted according to our previous results [24] , where an optimum filling factor between 10 −3 and 10 −4 was found to achieve an optimum waveguiding.
Once the nanocomposites were properly formulated, waveguides were fabricated by spin-coating the solution on a SiO 2 /Si substrate and baked between 80 and 150
• C for 2 minutes. The final film thickness was around 1 and 2 μm in the waveguides emitting in the visible (CdS, CdSe, and CdTe) and in the IR (PbS), respectively. The choice of the substrate was due to two reasons. First, the low refractive index of SiO 2 (around 1.458 at 600 nm) with respect to the PMMA (around 1.489 at 600 nm) provides a high refractive index contrast (∼2%), required for a good confinement of the light in the core of the waveguide. Second, the silicon substrate makes the structure compatible with microtechnology techniques.
The necessary thicknesses of the SiO 2 cladding depend on the wavelength of the light. The wafers used in the waveguides emitting in the IR had a SiO 2 thickness of 2 μm and were supplied by Cimat Silicon SA. The substrates chosen for the waveguides emitting in the visible range were fabricated in our laboratory by spin-coating a H 2 O-EtOH acid solution of tetraethyl orthosilicate (TEOS) on a silicon wafer and baking around 300
• C during 5 minutes. The resulting film had a thickness of around 0.6 μm. Finally, the edges of the samples were cleaved for end-fire coupling purposes. The inset of Figure 1 shows the structure of the planar waveguides.
PL experiments have been carried out by pumping the colloidal (or nanocomposite) solution dropped in a glass with a 404 nm GaN laser. Then, backscattered PL is collected with the aid of a lens to a fiber optic connected to either a StellarNet EPP2000 or Ocean Optics spectrographs. Absorption spectra of QD colloidal solutions were measured by using a Shimadzu UV-2501PC spectrophotometer (UVvisible range) or an Ocean Optics spectrograph plus a filtered halogen lamp (near-infrared light). Absorption spectra of nanocomposite thin films have been characterized using a Nanocalc 2000 reflectometer (from Mikropack) or an IR Ocean Optics spectrograph by spin-coating the film solution in a glass substrate. Finally, PL waveguiding has been characterized by end fire coupling a 404 nm GaN diode laser and a 633 nm HeNe laser with the aid of a microscope objective at the input edge of the waveguide (see Figure 1 ). The output light is collected by another microscope objective to perform imaging with a CCD camera or to analyze PL by coupling into the entry fiber optics of the appropriate spectrograph. When planar waveguides were analyzed, a cylindrical lens was used to focus its linear modal distribution to a spot into the collecting optical fiber. Furthermore, PL waveguiding has been also achieved and measured by laser pumping from the top surface of the samples using a cylindrical lens (see dashed rectangle frame in Figure 1 ) that focus the laser beam into a line segment. The exciton peak in the absorption spectra is placed at 447, 537, and 580 nm for CdS, CdTe, and CdSe, respectively. For longer wavelengths the absorption decreases, arriving to a value close to zero for wavelengths shifted 100 nm beyond the exciton peak. At shorter wavelengths the absorbance increases, and some excited state optical transitions are observed. According to the data reported by other authors [26] , these exciton transitions correspond to a QD radius of 4.5 nm for CdS, 1.5 nm for CdTe, and 2.5 nm for CdSe. The PL spectra of the QDs (colloidal or nanocomposite solutions) consist of single Gaussian lines slightly red-shifted with respect to the exciton peak in absorption by about 40 nm, which is known as Stokes shift [27] . The (FWHM) full width at half maximum of the PL lines decreases with the emission wavelength, being it around 20, 30, and 40 nm for the CdS, CdTe and CdSe, respectively, indicating that size dispersion changes accordingly. In the case of CdS QDs, a broad PL band is observed at around 620 nm that is attributed to carriers trapped at surface states [5] . Finally, dotted lines in Figure 2 (b) depict the emission spectra of QD-PMMA nanocomposite solutions for the three materials. The spectra have a similar shape as the colloidal solution, but a larger Stokes shift is observed for CdSe and CdTe QDs, probably due to the presence of nanoparticle aggregates [28] . Figure 3 shows absorption and PL spectra of PbS QDs used in this work. The exciton peak is placed at 960 and 1020 nm in absorption and PL, respectively. In this case the FWHM reaches a value of 120 nm, doubling the value measured for CdSe QDs, denoting a stronger QD size dispersion for PbS QDs. Again, a larger Stokes shift is observed in the case of the PbS-PMMA nanocomposite as compared to the colloid. An average radius of 3.2 nm has been measured by transmission electron microscopy (TEM) for PbS QDs, which is consistent with published data [29] .
QD Emission and Absorption

Planar QD-PMMA Waveguides
PMMA is suitable polymer for integrated optics applications due to its trouble-free process and its transparency in the visible and the infrared region. Figure 4 shows transmittance spectrum of a 2 μm PMMA film spin coated on glass (black line). Between 400 and 1500 nm, the absorption is almost that of the glass. Then, this polymer becomes an interesting material for waveguiding applications when it is deposited on a low index wafer (in this case SiO 2 /Si). Moreover, PMMA is an appropriate host polymer for embedding oleate-capped QDs due to their adequate chemical interaction. This results in homogenous films, which suggests a great potentiality of these nanocomposites for photonic applications. In this section waveguiding properties of PMMA doped with colloidal QDs will be discussed. CdSe-PMMA waveguides have been thoroughly studied in [22] using samples with different QDs concentrations. As much as the concentration of nanoparticles is increased into the matrix, its refractive index becomes higher. However, for high filling factors >10 −3 of CdSe QDs in PMMA (filling factor is defined as the ratio between the volume occupied by QDs over the total volume), the QDs strongly attenuate the laser beam, and waveguiding is not possible. Red line of Figure 4 shows the transmittance spectrum of a 2 μm CdSe-PMMA film with a filling factor of 0.02. Transmittance drops to a value around 80% for 600 nm, the wavelength corresponding to the PL peak (ground exciton recombination). Since in a standard waveguide propagation length is usually around 1 cm, it is expected that the throughput of light at this wavelength will be nearly zero. Therefore, it is necessary to use QD-PMMA nanocomposites with quite lower filling factors (10 −4 -10 −3 ) for maintaining small propagation losses (10-20 cm −1 for that range). Moreover, the PL of QDs can be also waveguided by pumping the QD-PMMA nanocomposite from the surface of the samples as well (see inset in Figure 1) . In this work, we extrapolate these results to other QDs families (CdS, CdTe, and PbS), obtaining low propagation losses using similar filling factors. In the following sections a summary of different waveguides is presented. Figure 5 shows the guided-PL spectra of a CdSe-PMMA thin film by pumping the structure from the edges (continuous line) and from the surface (dash line) using a 404 nm GaN diode laser. The spectrum obtained by end fire coupling suffers an appreciable red-shift of the PL peak with respect to the one measured in the composite solution. This is probably due to a reabsorption effect of the wavelengths close to 580 nm, where the absorption exciton peak takes place. Furthermore, the PL band is broader than the one found in the colloid, maybe to different environment conditions [24] . However, when the sample is pumped from the surface, the guided PL is symmetric, centered at 591 nm and slightly narrower in comparison to the colloid PL, maybe because this sort of coupling allows a constant pumping in the whole length of the waveguide. The inset shows a picture of the orange guided PL due to CdSe QDs in PMMA. Figure 6 depicts the waveguided PL spectrum in a CdS-PMMA thin film pumping the structure from the top surface at 404 nm. In this case the PL band is centered at 453 nm and has a linewidth of 22 nm, so there is not a big difference with the PL band measured in the nanocomposite. We can also observe a broader and weaker PL band centered at around 620 nm corresponding to surface states [5] . In the inset a picture of the blue guided-PL is shown. Figure 7 shows the waveguided PL (see picture in the inset) measured in a CdTe-PMMA thin film by using end-fire pumping at 404 nm. The PL band is centered at 523 nm and has a linewidth of 35 nm, this time only 5 nm broader than the one found in the colloid. In this case the waveguided PL shows a symmetric peak because the absorption exciton peak is placed at longer wavelengths (537 nm, see Figure 2 (a)), and hence the reabsorption of the guided PL is weaker. Figure 8 shows the waveguided PL of a PbS-PMMA thin film by using end-fire pumping at 633 nm (HeNe laser). In this case, the 404 nm wavelength (GaN laser diode) could not be used to pump the nanocomposite, because the absorption coefficient of PbS is too high Journal of Nanomaterials at this wavelength (see Figure 3) . The PL band is centered at 1050 nm and its linewidth around 130 nm.
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Perspectives
The fabrication of two-dimensional waveguides is of high interest for integrated photonic devices [30] . The integration of nanocrystal QDs in polymers (eventually photolithographic ones) opens a new method to implement hybrid organic-inorganic photonic and optoelectronic devices [31] . It has already been demonstrated amplification and lasing using PbSe QDs [32] , CdSe-ZnS [33] , and CdS-CdSe-ZnS [34] core-shell QDs dispersed in sol-gel films of TiO 2 and ZrO 2 planar waveguides. Then, it is expected that the polymer/NQD can be used for active purposes in waveguides [24] , microcavities [22] , and other photonic structures [23] .
In addition taking in account that the emission wavelength can be tuned by changing the material forming the QDs and their size [14] [15] [16] [17] [18] [19] [20] , it has demonstrated the applications of colloidal QDs in LEDs technology [35] . This property joined to the fact that it is possible to disperse several types of QDs into the matrix [36, 37] , suggest the possibility to obtain white waveguided light; in a similar way that it is used in recent LED technology [38] . Finally, it has already studied the utility of colloidal QDs for sensing in optical fibers [39] . Then, QD-polymer waveguides can be applied to be a good probe for temperature sensing [40] . In this section we describe some preliminary results that illustrate the potential capabilities of these hybrid materials in next future.
Multicolor Waveguiding.
If one disperses QDs emitting at different wavelengths, into the same waveguide it is possible to obtain broad waveguided-PL spectra composed by the different "QD colors." In this case, it is critical to adjust the relative amounts of QDs into the matrix in order to avoid (or compensate) the reabsorption of light generated in QDs whose emission takes place at higher energies (shorter wavelengths) by QDs whose absorption and emission occur at lower energies (longer wavelengths). In [24] we proposed the inclusion of CdSe and CdTe in the same PMMA matrix. As a result the structure was able to waveguide the PL emitted from the two QD ensembles: green (535 nm) and orange (595 nm) colors corresponding to CdTe and CdSe QDs, respectively. Figure 9 shows the PL spectrum (hollow circles) of a similar structure able to guide three colors (see the three pictures at the top panel of Figure 9 ) by the dispersion of CdS (blue), CdTe (green), and CdSe (orange) QDs in the same matrix. The PL spectrum can be nicely reproduced by the sum of three Gaussian components (dashed lines) whose peaks take place at 452, 539, and 601 nm, corresponding to the CdS, CdTe, and CdSe QD ensembles, respectively. The PL tail observed at long wavelengths is associated to the surface states of CdS (see Figure 6 ). Wavelength (nm) Figure 9 : Waveguided PL spectrum in a nanocomposite thin film containing CdS, CdTe, and CdSe QDs. The pictures at the top panel show the three waveguided-PL components by using appropriate filters.
Lithographic
photolithography is the most appropriate for the fabrication of two-dimensional waveguides working in UV-VIS-NIR wavelengths because they require micropattern widths in the range 1-20 μm and high aspect ratios. Particularly, SU-8 is a commercially available photoresist and one of the most used for polymer based waveguiding applications [41, 42] because it is easily patternable by UV photolithography and has a high refractive index (around 1.5108 at 600 nm) [43] . Figure 10 (a) shows the transmittance spectrum of a SU-8 film spin coated on a glass substrate. Between 600 and 1500 nm, the transmittance is similar to that of the bare glass, but below 600 nm the absorption increases due to its sensitivity to the UV radiation. As a result, SU-8 is an ideal candidate for hosting QDs, even if the main drawback lies in the poor chemical compatibility with as-synthesized QDs. The SU-8 photoresist is normally formulated with γ-butyrolactone or cyclopentanone, where oleate-capped QDs are not soluble. It is well known that surface modification of QDs may result in a change in the solubility properties of QDs [44] . In this way we propose a ligand exchange on oleate-terminated QDs to enhance their solubility in γ-butyrolactone [22] . Now, the resulting QDs are completely soluble in the SU-8 photoresist solution, and the nanocomposite with a homogeneous dispersion of CdSe QDs can be easily spin coated. Ridge waveguides based on the CdSe/SU-8 nanocomposite have been fabricated upon UV irradiation by using the procedure described in [43] . We observed that the lithographic performance of SU-8 was not disturbed by the presence of QDs. Moreover, as it was obtained in PMMA matrices, the concentration of QDs in SU-8 was low enough to consider any refractive index increase of the matrix. Waveguides were designed (see the inset in Figure 10 (b)) to have widths between 4 and 20 μm and a height of 2.5 μm to guide the PL of CdSe QDs along the polymer ridges. PL light at the end of these waveguides (using end-fire pumping at 533 nm) is shown in the inset of Figure 10(b) . The waveguided-PL band corresponding to CdSe QDs in a 8 μm SU-8 ridge (Figure 10(b) ) has a peak centered at 610 nm and its linewidth is around 35 nm. The PL tail at longer wavelengths is due to the background fluorescence of the resist and its nature is explained in [24] .
Conclusions
The integration of nanocrystal QDs in polymer matrices is an interesting approach for developing nanocomposites able to be used in new organic photonic devices. In this work, films made to be the dispersion of colloidal nanostructures (CdS, CdTe, CdSe and PbS) in a PMMA matrix are demonstrated to be a good core for waveguides. Using the appropriate concentrations of QD into the matrix, these films are able to waveguide the PL, and even more than one color when different types of QDs are embedded in the polymer. Then, these results are extrapolated to a photolithographic polymer (SU8), obtaining the waveguiding of the PL in a ridge waveguide fabricated by UV lithography. Finally, it is interesting to note that the polymers studied in this work show low transmission losses in the 600-1500 nm range. This feature, together with the possibility of tuned emission wavelength of colloidal QDs with their size or composition, makes these nanocomposites a suitable materials for waveguiding, not only for telecommunications applications (980, 1300, and 1500 nm) but also for the visible range.
